Abstract. The Sooty Shearwater (Ardenna grisea) is one of the better studied petrels of New Zealand. Although one of New Zealand's most abundant seabirds, smaller populations of Sooty Shearwaters may be less resilient to stochastic events in the long term. We investigated aspects of the breeding biology of Sooty Shearwaters and burrow dynamics on Long Island, in the Marlborough Sounds, New Zealand, from November 2008 to May 2009. Burrows were usually simple and unbranched, with an average length of 83.6 cm (s.e. 4.3 cm). The incubation period was 54.3 days (s.e. 1 day) and the nestling period 104.5 days (s.e. 2 days). Breeding success was 40.1%, within the range expected based on published studies of other populations of Sooty Shearwaters and of congeners. This study paves the way for further investigation into the viability and persistence of a small island population.
Introduction
The Sooty Shearwater (Ardenna grisea), also commonly known in New Zealand as the t ıt ı or muttonbird, is an abundant seabird in New Zealand, with a population of >21 million individuals (Newman et al. 2009a) . Of the total New Zealand population, 98% breeds on the satellite islands of Stewart Island and on islands of the Snares Group (Newman et al. 2009a) , with the rest in a few mainland sites and on scattered islands along the New Zealand coast as far north as the Three Kings Islands . Breeding populations of Sooty Shearwaters are also found on islands off south-eastern Australia (Lane and White 1983) and Chile (Marin 1984) .
Recent evidence suggests that Sooty Shearwater populations have declined worldwide (Scofield and Christie 2002; Moller et al. 2009) , with declines reflected in the annual harvest of birds in New Zealand (Lyver et al. 1999) , in observed densities in the North Pacific Ocean (Veit et al. 1996 (Veit et al. , 1997 , and in a marked reduction in the density of burrows on some islands (Scott et al. 2008) . Like many seabirds today, Sooty Shearwaters are affected by oceanic fisheries (Uhlmann et al. 2005) , introduced predators (Jones et al. 2008) and increased frequency of climatic anomalies (Lyver et al. 1999) . Small populations of Sooty Shearwaters have disappeared from predator-free islands in the Hauraki Gulf, New Zealand, in the last century (Scott et al. 2008) .
The Marlborough Sounds have several islands with breeding populations of Sooty Shearwaters, many of which have never been studied. Biological data from small shearwater populations are needed to understand better the decline of Sooty Shearwaters in New Zealand. In this study, we obtained baseline data on the biology of Sooty Shearwaters on Long Island in the Marlborough Sounds, including burrow architecture, breeding phenology and breeding success and compared our results with published data on other populations of Sooty Shearwater and closely related species. Our overall aim was to understand better the basic life-history characteristics of the Long Island population of Sooty Shearwaters as a proxy to estimate the resilience to harvesting of other small populations of the Marlborough Sounds.
Methods

Study site
Long Island (41 07 0 S, 174 17 0 E) is in the Marlborough Sounds, at the northern end of the South Island of New Zealand. The island is a 142-ha, predator-free scenic reserve with a single colony of Sooty Shearwaters, intermixed with Fluttering Shearwaters (Puffinus gavia), restricted to an area of 1 ha at the northern tip of the island (Fig. 1) . Sooty Shearwater nests were systematically identified through progressive inspection of all burrows on the northern part of the island. Burrows were inspected using a burrow-scope (TAUPE with orange LEDs, Sextant Technology Ltd, Wellington, New Zealand) (Dyer and Hill 1991) during the 2008-09 breeding season. Once the presence of a Sooty Shearwater was confirmed, the burrow was monitored daily using the burrowscope until the chick fledged or nesting failed. Data were 
Architecture, habitat and density of burrows
All Sooty Shearwater nests with an incubating adult present were inspected visually and the length of each burrow measured using markers spaced 10 cm apart on the burrow-scope. All plants growing within a radius of 1 m of the entrance to the burrow were recorded and identified to species level. Habitat types were then determined using a combination of species present and composition of the surrounding vegetation. 'Forest' was composed of two species of tree, Taupata (Coprosma repens) and Ngaio (Myporum laetum); 'Flax' (Phormium cookianum) was vegetation of that species only; 'Forest-Flax' is a combination of said habitats; 'Herb' describes burrows found entirely under coastal herbs such as Senecio sterquilinus, Apium prostratum, Disphyma australe and Einadia triandra; 'Fringe' describes combinations of Forest and Flax habitats with coastal herb vegetation; 'Bare' is bare ground with no vegetation growing within 1 m of the burrow entrance. We did not account for subterranean roots.
The density of burrows was determined by counting all Sooty Shearwater burrows within two randomly selected plots (108 and 188 m 2 ) within the overall breeding colony. Sooty Shearwater burrows were identified by the presence of an incubating adult. Burrows of other nesting seabirds were not included in the analyses.
Breeding phenology
Burrows were visually inspected with burrow-scopes to determine the dates of laying and hatching. As Sooty Shearwaters lay only one egg per breeding attempt we recorded the laying and hatching dates as the first day an egg or chick was present when an empty burrow or an egg had been clearly sighted the day before. Similarly, the fledging date was recorded as the day the chick was no longer in the burrow.
Dates of laying or hatching that were missed were estimated from the incubation and nestling periods of nests with complete data. Eggs that did not hatch and for which laying date was not known were excluded from further analyses.
Breeding success
Breeding success was defined as rearing a chick to fledging (i.e. the chick no longer in the burrow). Burrows initially considered active based on only a single record of an adult Sooty Shearwater present early in the breeding season and with no confirmation of laying were removed from analysis as they may have been adults prospecting for a burrow (Bradley et al. 1999) or otherwise not breeding (Serventy 1967) .
Breeding success was measured using the 'Mayfield-40%' method (Miller and Johnson 1978; Johnson 1979) . The daily survival rate of eggs or chicks was calculated using:
where n D is the number of nests that failed, E S is the combined total exposure of surviving and E D is the exposure of failed nests ('exposure' being the number of days the nest was in existence until an endpoint in the calculation, i.e. survival (hatching or fledging) or death). The daily survival rate could then be used to determine the probability of survival for any given period of the nesting cycle. We determined survival for two periods: the incubation period (from the day of laying to the day of hatching) and the nestling (or chick-rearing) period (from the date of hatching to the date of fledging). To estimate survival for each period of x days, the daily survival rate was raised to the power of x. Combining estimated survival for both periods gave the total probability of breeding success.
Standard errors (s.e.) were calculated using the method developed by Johnson (1979) , using the equation:
where E is exposure (number of nest days observed) and D is the number of deaths for that period. 
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Results
Architecture, habitat and density of burrows
The average length of Sooty Shearwater burrows on Long Island was 83.6 cm (s.e. 4.3, range 35-170, n = 51). Of the 51 burrows examined, all had a single nesting chamber; one burrow had two entrances whereas the rest had a single entrance. Density of occupied Sooty Shearwater burrows was estimated to be 0.06 burrows m -2 . The tree Taupata was the dominant plant species growing within 1 m of 79.6% of Sooty Shearwater burrows. The frequency distribution of habitat types within a 1-m radius of burrow entrances is shown in Fig. 2 .
Breeding phenology
The incubation period in four nests for which the date of laying was directly observed was 54.3 days (s.e. 1 day, range 53-56). Laying in these four nests occurred on the night of 27 November. No eggs were found during the 20-22 November trip. When we returned on 5 December, all eggs had been laid. The date of laying for another 33 nests was estimated from the date of hatching using the mean incubation period. The combined data suggest laying occurred over a period of 16 days between 20 November and 5 December (n = 37). Similarly, the hatching period was estimated from the date of fledging using the average nestling period. The observed nestling period was 104.5 days (s.e. 2 days, range 98-109, n = 17) and the estimated mean date of hatching was 20 January (s.e. 3.5 days, range 13-28 January, n = 37). The mean date of fledging was 4 May (s.e. 4.3 days, range 26 April-12 May, n = 28; Fig. 3 ).
Breeding success
The survival of eggs to hatching was 62.4% (s.e. 0.2), which was 7.0% lower than the survival of chicks to fledging, 67.1% (s.e. 0.1). Overall breeding success was 40.1% (s.e. 0.01).
Causes of loss of eggs and chicks were difficult to determine. Competition for burrows with Little Penguins (Eudyptula minor) was likely to have been a significant cause of failure (A. F. Geary, pers. obs.). Of the chicks that hatched but failed to survive (n = 13),~60% were provisioned for a minimum of 3 weeks before they died (Geary 2010) .
Discussion
Architecture, habitat and density of burrows
The length of burrows on Long Island is very similar to that of burrows on T ıt ı Island, in Cook Strait, also in the Marlborough Sounds region (Geary 2010 (Powell et al. 2007) , to 120 AE 10 cm on Lord Howe Island (Priddel et al. 2006) . Measuring the depth of soil was beyond the scope of our study but we speculate that the prevalence of burrows near trees may be because the root system of the vegetation helps to stabilise the burrows.
Burrows on Long Island did not have the high levels of bifurcation and complexity found on islands off southern New Zealand, where large numbers of Sooty Shearwaters breed. For example, Hamilton (2000) found only 5% of burrow entrances led to a single chamber that was not connected to another. On Long Island, the density of occupied burrows was 0.06 whereas the mean density of burrows was 0.14 burrows m -2 (Geary 2010) , which is comparable with the 0.08 burrows m -2 estimated for T ıt ı Island, although no distinction was made between occupancy by Sooty or Flesh-footed Shearwaters (Baker et al. 2009 ). The only similarly low density of Sooty Shearwater burrows was 0.09 burrows m -2 reported on Whenua Hou off Stewart Island (Charleton et al. 2009 ). These densities are much lower than those reported on islands nearer the centre of the breeding range of the species, which vary from 0.98 burrows m -2 (McKechnie et al. 2007) to 0.33 m -2 (Charleton et al. 2009 ). The lack of burrow complexity on Long Island may be a result of the small population and low density of Sooty Shearwaters in this colony (Geary 2010; A. F. Geary, pers. obs.) and possible reduced competition for space. Long Island also has a long human history. Sooty Shearwaters have historically been harvested from the island (A. F. Geary, unpubl. data) and early European attempts to farm the island resulted in extensive burning of the native vegetation which, in combination with of grazing stock, would almost certainly have had a negative impact on the island's seabird populations. There are not, however, historical data on seabird populations and densities for Long Island, so it is not possible to determine whether burrow densities and complexity were higher in the past. It is possible that the low density of burrows and their simple structure is related to a population decline either from human influences or a reflection of the ongoing decline in Sooty Shearwater numbers in New Zealand (e.g. Scott et al. 2008) .
Breeding phenology
Sooty Shearwaters, along with most other migratory petrels, have highly synchronous annual cycles Shaffer et al. 2006) . The breeding chronology on Long Island is similar to that of other Sooty Shearwater populations occurring at much higher latitudes in New Zealand (Table 2 ) although laying and hatching on Long Island are possibly slightly later than for other populations, which may be an area for future study. Breeding synchrony has been reported in other migratory Ardenna species (e.g. Harper 1983; Cuthbert 2005; Powell et al. 2007 ). For example, in a study on Great Dog Island, Australia, up to 90% of Short-tailed Shearwater (A. tenuirostris) eggs were laid within 3 days of the mean laying date, with all eggs laid over a period of 16 days to 9 December (Meathrel et al. 1993) .
Breeding success
The breeding success of 40.1% observed in the Long Island population fell within the annual variation reported for Sooty Shearwaters on the Snares Islands (mean breeding success 35%, range 7-67%), Whenua Hou, off Stewart Island (mean 76%, range 37-90%; Newman et al. 2009b) and Tuhawaiki Island, a predator-free islet off the Otago coast (mean 48 AE 2%; Jones et al. 2003) . Our data also support the general pattern that most breeding failure occurs during the incubation period (Warham 1990 ). On Long Island, failure was 7% more likely during the incubation period than during the nestling period in the breeding season studied here. Sooty Shearwaters can forage >2000 km from their breeding colonies (Shaffer et al. 2009 ). The ability of Sooty Shearwaters, and other seabirds, to travel vast distances and to forage for long periods (Weimerskirch 1998 ) may counteract any spatial inconsistencies in food availability in any given year (Shaffer et al. 2009 ). Of six Sooty Shearwaters tracked for one breeding season from Mana Island, which is near the Marlborough Sounds, only one bird travelled to more-productive oceanic waters to the southeast of the island and the rest remained in less-productive coastal waters (Shaffer et al. 2009 ). This pattern differed from the two other southern populations studied, which showed the use of (Richdale 1954 (Richdale , 1963 Snares Islands (48 S, 166 E) Macquarie Island (55 S, 159 E) (Brothers 1984) Date of laying 20 Nov. 
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An estimate; authors indicate dates more likely to resemble those of Richdale (1963) Breeding of Sooty Shearwaters in New Zealand Emumultiple habitats, hypothesised to allow them greater flexibility in their resource acquisition (Shaffer et al. 2009 ). The distance of the Marlborough Sounds Sooty Shearwater colonies from productive Southern Ocean waters may affect breeding success and condition of juvenile Shearwaters compared with those populations breeding at higher latitudes. Studies of the breeding success and foraging range of different colonies, and the availability of food around colonies, would be a useful area of future research.
Conclusion
The breeding biology of the Sooty Shearwater population on Long Island is similar to that of populations at higher latitudes off southern New Zealand and to that of congeners. Although baseline biological data are provided here, longer term studies using standardised methods are needed to determine demographic parameters particular to the Marlborough Sounds to help assess annual variation in breeding success, the resilience of the population to traditional harvest and to guide future management.
